Abstract: A negative deviation from Vegard rule for the average atomic volume versus yttrium content was found from experimental crystallographic information about the binary compounds of yttrium with gallium. Analysis of the electron density (DFT calculations) employing the quantum theory of atoms in molecules revealed an increase in the atomic volumes of both Y and Ga with the increase in yttrium content. The non-linear increase is caused by the strengthening of covalent Y-Ga interactions with stronger participation of genuine penultimate shell electrons (4d electrons of yttrium) in the valence region. Summing the calculated individual atomic volumes for a unit cell allows understanding of the experimental trend. With increasing yttrium content, the polarity of the Y-Ga bonding and, thus its ionicity, rises. The covalency of the atomic interactions in Y-Ga compounds is consistent with their delocalization from two-center to multi-center ones.
Introduction
The issue of chemical bonding on metals and intermetallic compounds is still a question under discussion and a challenge for theoretical and experimental inorganic chemistry. In the past, charges have often been discussed in connection with metals and intermetallic compounds, and in particular, ionized species immersed in an electron cloud ("electron gas") have been viewed as one of the driving forces for stabilization of structural patterns [1] . New opportunities for the quantum chemical analysis of the bonding in this family of inorganic substances became available with the emergence of analysis techniques in position space, including the Quantum Theory of Atoms In Molecules (QTAIM) which utilizes the topological analysis of the electron density [2] , and the implementation of the 2-electron functionals for bonding indication, i.e. methods such as the electron localizability approach [3, 4] or the electron localization function [5] [6] [7] .
The distribution of the QTAIM charges facilitates studies of the ionic component of atomic interactions in intermetallic compounds. So, in the study of Al 2 Cu, a compound with components of rather similar electronegativity, a not necessarily expected charge transfer was found: −1.60 for Cu and +0.8 for Al [8] . The systematic QTAIM analysis of the compounds in the Al-Pt system with components differing strongly in their electronegativities revealed a complex concentration dependence of the atomic charges and volumes [9] . While-independent from composition-aluminum has positive QTAIM charges between 0 and +2 being the cation, platinum plays the role of the anionic species with charges between 0 and −4. The atomic shapes reflect the local coordination and are different in each compound. The atomic volumes show monotonic non-linear dependence on the atomic concentration. The volume of the aluminum atoms increases, and the volume of the platinum atoms decreases with 
Methods
The TB-LMTO-ASA program package [30, 31] with exchange correlation potential (LDA), according to Barth and Hedin [32] , was used for quantum chemical calculations on yttrium-gallium compounds. Experimentally obtained lattice parameters and atomic coordinates (Table 1) were employed for the calculations. The radial scalar-relativistic Dirac equation was solved to get the partial waves. The calculation within the atomic sphere approximation (ASA) includes corrections for the neglect of interstitial regions and partial waves of higher order [33] , hence the addition of empty spheres was necessary only for Y 3 Ga 2 and h-Y 5 Ga 3 . The radii of atomic spheres applied for the calculations can be obtained from the authors. Basis sets containing Y(5s,4d) and Ga(4s,4p) orbitals were employed for the self-consistent calculations with the Y(5p,4f) and Ga(4d) functions being downfolded.
The electron localizability indicator was evaluated in its ELI-D representation [3, 4] with a module already implemented within the TB-LMTO-ASA program package [30] . To gain deeper insight into the chemical bonding, the topology of ELI-D and electron density was analyzed with the program DGrid [34] . The electron density was integrated in spatial regions, which are bounded by zero-flux surfaces of the electron density gradient vector field. These electron density basins, each containing the atomic nucleus, represent the atomic regions defined in the Quantum Theory of Atoms In Molecules (QTAIM) [2] , and their electronic population gives rise to the QTAIM effective atomic charges. In the framework of ELI-D analysis, the analogous procedure provides electron counts also for each ELI-D basin. With QTAIM space partitioning defining atomic regions, and ELI-D space partitioning defining intra-atomic core and interatomic bond regions complementary information can be obtained. Moreover, the two types of space partitioning can be combined within the ELI-D/QTAIM basin intersection method, where both types of partitioning are superimposed to determine how ELI-D bond basins are spatially composed of QTAIM atomic regions and their electronic populations. The QTAIM-and ELI-D-based electron counts reveal basic information for the description of the bonding situation [35] .
In order to evaluate delocalization indexes, the calculations for YGa 2 and YGa were also performed using the all-electron full potential LAPW program package Elk [36] . For the DFT/PBE [37] calculation the atomic Y(4s 2 p 6 d 1 5s 2 ) and Ga(3s 2 p 6 d 10 4s 2 p 1 ) states were treated as semi-core and valence states; the remaining atomic states of lower energy were treated as core states. The resulting wavefunction was analyzed and two-center delocalization indices were calculated with the DGrid-4.7 program [38] , the subsequent calculation of three-center delocalization indices and bond delocalization ratios G [14] was effectuated with the DISij program [39] .
Results and Discussion

Average Atomic Volume
An experimental quantity suitable for comparison with the results of the quantum chemical calculations in position space is the average atomic volume V atom which is obtained from the volume of the unit cell [9] . Analysis of the experimental data on lattice parameters of the compounds of yttrium with gallium (Table 1) shows that the average atomic volume systematically deviates from the expected one assuming the validity of the Vegard rule (Figure 1) . Already the adoption of the minimal amount of yttrium (YGa 6 compound) results in a strong reduction in the average atomic volume. The deviation from the Vegard line (red in Figure 1 ) increases towards Y 3 Ga 5 and becomes slightly smaller for the yttrium-richer compounds. These findings indicate the importance of the yttrium-gallium interactions, which were further studied by quantum-chemical techniques in position space.
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QTAIM Charges and Atomic Volumes
Analysis of the shapes of the QTAIM atoms in the yttrium gallides ( Figure 2 ) reveals, that with increasing concentration of yttrium, the shape of the yttrium atoms deviates more and more from being spherical. In YGa6 and YGa2, the yttrium species have approximately spherical shapes. The shapes of the gallium atoms display concave regions originating from the common surface with the cationic yttrium species. This is characteristic for the predominately ionic Y-Ga interactions in the system. In such a case, the atomic basin of yttrium includes mostly chemically inert ("hard") inner atomic shells, while the QTAIM gallium species also include, besides their own core regions, the whole valence space. This situation is accompanied by a comparably high charge transfer from yttrium to gallium, and large effective charges on Y (+1.60 and +1.54 for YGa6 and YGa2, respectively). With increasing yttrium concentration, the shapes of the yttrium atoms reflect more and more their coordination environment, and their surface contains flat or convex elements being the common surfaces with neighboring yttrium or gallium atoms, respectively. For example, the shapes of the 
Analysis of the shapes of the QTAIM atoms in the yttrium gallides ( Figure 2 ) reveals, that with increasing concentration of yttrium, the shape of the yttrium atoms deviates more and more from being spherical. In YGa 6 and YGa 2, the yttrium species have approximately spherical shapes. The shapes of the gallium atoms display concave regions originating from the common surface with the cationic yttrium species. This is characteristic for the predominately ionic Y-Ga interactions in the system. In such a case, the atomic basin of yttrium includes mostly chemically inert ("hard") inner atomic shells, while the QTAIM gallium species also include, besides their own core regions, the whole valence space. This situation is accompanied by a comparably high charge transfer from yttrium to gallium, and large effective charges on Y (+1.60 and +1.54 for YGa 6 and YGa 2 , respectively). With increasing yttrium concentration, the shapes of the yttrium atoms reflect more and more their coordination environment, and their surface contains flat or convex elements being the common surfaces with neighboring yttrium or gallium atoms, respectively. For example, the shapes of the QTAIM atoms in the elemental structures of Y and Ga reveal flat common surfaces in agreement with the depiction of non-polar covalent bonding. This finding indicates the increase in the covalency of the interaction Y-Ga in the binary compounds. Similar behavior was found recently e.g., for Be 21 Pt 5 [10] and CdSb [40] . The QTAIM effective charges of yttrium atoms drop towards +1 (Table 1) .
With each of the yttrium atoms transferring between 1.6 and 1.0 electrons to the gallium partial structure, the gallium atoms increase the accepted charge from 0.2 towards 2 electrons per atom (Figure 3) . The change in the effective charges versus yttrium concentration-similar to the Al-Pt system-is monotonic indicating the continuous change of the ionic component of chemical bonding.
The concentration dependence of the QTAIM charges, that is, the charge reduction per Y atom and charge increase per Ga atom with increasing yttrium concentration, suggests a shrinking of the atomic volume of Y with increasing yttrium content. The calculated atomic volumes show just the opposite development. In fact, both atomic volumes (Y and Ga) increase with the yttrium concentration ( Figure 4) . The increase is non-linear for both. It is caused by increasingly covalent Y-Ga interactions with stronger participation of genuine penultimate shell electrons (electrons from Y(4d) orbitals) in the valence region. Upon summing the individual atomic volumes for the unit cell, this development of the individual atomic volumes allows to understand the trend in the change of the experimental average atomic volumes with the negative deviation from the Vegard rule (cf. Figure 1) .
Yttrium-Gallium Interactions from Electron-Localizabilty Approach
In order to understand the role of the yttrium-gallium interactions in the stabilization of the binary structural patterns in the compounds of the system Y-Ga, further analysis of chemical bonding in the representative compounds YGa 6 , YGa and t-Y 5 Ga 3 , representing different yttrium contents, was made applying the electron localizability approach.
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The ELI-D distribution in the penultimate shell of the yttrium atoms shows systematically increasing deviations from the isotropic shape (structuring [4] , Figure 5 , left). Quantitative characterization of this trend was made using the so-called structuring index ε (the difference between the maximal ELI-D value in the shell and the value when the isosurface of the shell closes [4] ). The value increases from 0.024 via 0.030 to 0.064-0.079, from YGa6 via YGa to t-Y5Ga3, respectively (two crystallographically different Y atoms in the last case). The feature of structuring is a fingerprint of the participation of the electrons of the penultimate shell in the interactions within the valence region [4, 41] . This participation increases with the Y content. Formally, Y delivers two instead of three electrons for Ga from the outer shell; in the ELI-D picture of the free Y and Ga atoms, there are 2.321 and 3.368 valence (outer shell) electrons, respectively [42] . The decrease in valence electron concentration with the yttrium content requires transfer of more electrons from yttrium. The ELI-D distribution in the penultimate shell of the yttrium atoms shows systematically increasing deviations from the isotropic shape (structuring [4] , Figure 5 , left). Quantitative characterization of this trend was made using the so-called structuring index ε (the difference between the maximal ELI-D value in the shell and the value when the isosurface of the shell closes [4] ). The value increases from 0.024 via 0.030 to 0.064-0.079, from YGa 6 via YGa to t-Y 5 Ga 3, respectively (two crystallographically different Y atoms in the last case). The feature of structuring is a fingerprint of the participation of the electrons of the penultimate shell in the interactions within the valence region [4, 41] . This participation increases with the Y content. Formally, Y delivers two instead of three electrons for Ga from the outer shell; in the ELI-D picture of the free Y and Ga atoms, there are 2.321 and 3.368 valence (outer shell) electrons, respectively [42] . The decrease in valence electron concentration with the yttrium content requires transfer of more electrons from yttrium. 
